A study has been made of arterial blood changes during the respiratory cycle in patients with cardiac enlargement, prolonged circulation time, and Cheyne-Stokes breathing. In these patients, Cheyne-Stokes breathing appeared to depend upon the delay in passage of blood from the lungs to the arterial chemoreceptors and respiratory center. This delayallowed cyclic over-and underventilation. There was little or no central nervous system depression. In contrast, one case of Biot's breathing is presented as an example of another mechanism responsible for periodic breathing. Here irregular breathing seems to depend on fluctuations in activity of a severely damaged central nervous system. C HEYNE-STOKES respiration is a rather common finding in cardiac failure, but the mechanisms involved in its production are poorly understood. This study is directed primarily toward investigating the role of cardiac enlargement with resulting circulatory delay as a factor in producing such cyclic respiration. One case of Biot's breathing is included as an example of an entirely different mechanism producing periodic respiration.
METHODS
Respiratory tracings were recorded by use of a _Manning pneumograph. This consists of a section of corrugated rubber tubing stretched lightly across the chest and connecting with a tambour-type recording instrument. Arterial blood was obtained from the brachial artery through an in-lying arterial needle. The time required to obtain each sample varied between 5 and 12 seconds with an average of approximately 8 seconds. Carbon dioxide content was measured gasometrically' and pH was determined by use of an inclosed glass electrode. The carbon dioxide tension was calculated from these two values and from the hemoglobin. Per cent arterial oxygen saturation was measured by a spectrophotometric method. 
RESULTS
Observations were made on 5 patients withI Cheyne-Stokes breathing and cardiomegaly, and one patient with Biot's breathing. The data obtained from these patients is presented in the table. For each patient there are a number of arterial blood samples, taken at different phases of the respiratory cycle. The table indicates the duration of hyperpnea or apnea at the time each sample collection was finished. The values given for each sample are per cent blood oxygen saturation, whole blood carbon dioxide content, carbon dioxide tension, and pH.
The 5 patients with Cheyne-Stokes breathing and cardigmegaly show certain common features. First, ventilation responded in the usual way to the state of the arterial blood. That is, with low oxygen saturation and high carbon dioxide tension, there was hyperpnea, and, with the reverse situation, apnea. In the second place, there was a considerable lag bAtween changes in ventilation and the resulting effects on the arterial blood. That is, hyperventilation was slow in raising the per cent oxygen saturation and reducing the carbon dioxide tension. Once these changes began, they continued far into the succeeding period of apnea. The arterial oxygen saturation was lowest and the carbon dioxide tension highest at the height of the hyperpneic phase; the oxygen saturation Circulation, VolumPle I V, Auq,?st, 1.9.51 was highest and the carbon dioxide tension lowest during the apneic phase. These patients all had prolongation of the circulation time and marked cardiac enlargement. In most of the patients, respiration was sensitive to chemical stimuli. This conclusion is based on the finding that breathing began at levels of arterial carbon dioxide tension which are below the normal resting range. Clinically, this group of cyclic breathers was distinguished not only by cardiac enlargement, but also by a relatively good sensorium with little or no cyclic depression in apneic phases.
It would appear from the (lata that a marked increase in circulation time can set the stage for periodic breathing. Since blood from the 100-* 02 90 Sat, 80 lungs is slow in reaching the chemoreceptors and respiratory center, overventilation, or apnea, can continue for a considerable time before altered blood can arrive at a sensitive region to correct the situation. Meanwhile, a large "backlog" of overaerated or underaerated blood has accumulated ill the pulmonary veins and the dilated heart. While the respiratory (center is responding appropriately to this blood, the blood passing through the lungs is being altered in the opposite direction. Once started, periodic breathing is self-perpetuat ing because of the delay ill communicating events in the lungs to the respiratory center. Periodic breathing, in this set of circumstances, call be started by ai short period of overventilation. i\Iaiint aiiie(l periodic breathing could be started in these patients by volunvtary hypervenitilatioii. This was particularly easy in C. S., who had a Decholin circulation time of about 40 se(onds. The administration of 5 per (enit. caroll' (lioxide to the point of beginnii g hyperpniea would also initiate periodic breathing. Conversely, periodic breathing could he eliminated by encouraging this patieiit to 1)reathe voluntarily at times when he would otherwise hav-e beeni apnieie. Ini genIeral, extraneous respiratory stimuli during the apnieic phase tenld to breakl uip this type of cyclic breathing. The cycle is smoother and more persistent wsheni respiratioin is left primarily to chemical regulation. The act of performing an arterial puncture will often eliminiate cyclic breathing. GCelneral discomfort, coinversationi, anld muscular motion will have a similar effect. A qlliet environimenit and sedatioin by a small dose of morphine will reduce such extraneous stimuli and wvill promote cyclic breathing.
The lag between changes in veentilation and resultant changes in the arterial blood, which is basic to this type of cyclic breathing, is illustratecl ini figure 1. This figure is constructed from the observations on patient C. S.
A contrast to this type of cyclic breathing is presented by the last patient in table 1, R. E., whose data are arranged in figure 2. This is an example of Biot's breathing. Here there was no regularity, but long periods of breathing interrupted by periods of apnea. Trhis patient was in deep coma as a result of a cerebral hemorrhage and increased intracranial pressure. Extensive pneumonia was also present. 'l'he vein to artery circulation time was 15 seconds. Corresponding to the poor pulmonary function, the per cent oxygen saturation was 60 to 80 per cent; the carbon dioxide tensions, 45 to 55 mm.; and the pH levels low. Eveni during long periods of breathing, these levels were maintained. When breathing stopped, there was a progressive increase in 1lood gas stimulus uiitil respiration startecl and theis the previous state was restored. Here the blood chemical stimulus increased early ini apniea an (ldecrease(l during breathing, a situation opposite to that described above. It is concluded that, the respiration is not '23 responding to changes in arterial blood, but that ventilation changes, and consequent blood gas changes, are secondary to fluctuations in activity of a severely damaged central nervous system. In this type of irregular breathing, Eyster found that the blood pressure rises during the period of apnea just prior to breathing and concluded that this restored circulation to the respiratory center made anoxic by increased intracranial pressure.3 However, it would also seem possible to conclude that this rise in blood pressure is part of a general increase in excitability of the central nervous system and that the respiratory center itself shares in this increased activity.
DIscussIoN-Illustrations have been given of two different clinical situations in which periodic breathing is caused by entirely different mechanisms. The first is primarily dependent on circulatory delay between the lungs and respiratory center secondary to cardiac enlargement. second, there seems to be fluctuation in activity of a severely damaged nervous system. In addition, periodic breathing of the classic Cheyne-Stokes type often occurs without a prolonged circulation time or cardiac enlargement. The mechanism responsible for this type of cyclic respiration has not been included in the present study.
Klein, from his study of Cheyne-Stokes respiration, also concluded that a prolonged circulation was important in producing periodic breathing.4 Anthony and associates denied the importance of a prolonged circulation time. 5 Nylin has shown that in cardiac enlargement there is a great increase in residual heart blood.6 Material injected into a vein appears more slowly than normal in the arterial blood. Eveni more striking is the slow rate at which the arterial concentration builds up after the first appearance of the material. In cardiac failure a large volume of either underor overaerated blood may be stored in the heart as residual blood. This leads to a prolonged ejection of blood which carries either too great or too little a stimulus to maintain normal respiration. Even though the measured Decholin or vein to artery circulation time may be only moderately prolonged, the presence of cardiac enlargement is an important factor.
A delay in acquainting the respiratory center with the effects of ventilation on the pulmonary blood appears to be fundamental in the causation of this type of periodic breathing. The basic delay is that of the circulation. In addition, at least two other variable lags may occur and thus influence the rate of cycling. These result from the buffering effect of the gas in the lungs during early apnea and from the time required for arterial blood changes to affect the respiratory center. In the lungs, following hyperpnea the alveolar oxygen partial pressure is high and the carbon dioxide partial pressure is low. This well washed residual air provides a reserxvoir for aerating blood coming to the lungs and prevents a rapid increase in the partial pressure of carbon dioxide and fall in the partial pressure of oxygen in the pulmonary venous blood during early apnea. This buffering action will have the effect of prolonging the apneic period.
In the patients with congestive heart failure and pulmonary edema, the buffering effect is somewhat reduced, and anoxia becomes a significant respiratory stimulus. It has been shown by Engel and co-workers that the factor of anoxia reduces the time of breathholding in normal subjects at high altitudes.7 The added stimulus of a low arterial oxygen tension forces the resumption of respiration at a lower arterial carbon dioxide tension than at sea level. In pulmonary congestion because of a reduction in volume of air contained in the lungs,8 the oxygen tension of alveolar air may fall more rapidly than usual during apnea. In addition any increase in alveolar-arterial oxygen gradient caused by edema will also reduce the arterial oxygen tension. In the cardiac patient, therefore, the arterial oxygen tension may fall rapidly enough during apnea to constitute a significant respiratory stimulus in addition to that caused by the rising carbon dioxide tension. If such a patient breathes a mixture containing a high oxygen partial pressure, the arterial oxygen partial pressure does not fall to a level which constitutes a significant respiratory stimulus, and arterial carbon dioxide partial pressure rises to a higher level before breathing begins. In the case of C. S. (fig. 1) , cycling continued when the inspired air was enriched with oxygen. The arterial per cent oxygen saturation rose and remained high throughout the cycle. The arterial carbon dioxide tension fluctuated at a level appreciably higher than before.
The second delay is that between the arterial blood and the respiratory center. It must take some time for the carbon dioxide partial pressure of the center itself to change and with the rapid fluctuations occurring in the blood, the center lags behind. Such a lag has been described by Douglas and Haldane as the "flywheel" which normally prevents minor changes in alveolar and arterial carbon dioxide from disturbing breathing.9 Ho-\-ever, with the rapid and significant falls in carbon dioxide partial pressure which occur during hyperpnea, this stabilizing effect is lost and the lag of the carbon dioxide partial pressure of the center behind that of the arterial blood actually pro-'>37 moted cyclic breathing. This delay may explain why breathing stops at a lower level of carbon dioxide tension than required to start respiration.
The group of patients in which cyclic breathing is based upon great prolongation of the circulation time comprises a small fraction of the total group of patients with cyclic breathing. Clinically, this group is distinguished by relatively little depression of the sensorium. Even in this group, however, the development of cyclic breathing is facilitated by central depression. Central depression is believed to operate in this group by reducing to a minimum all respiratory stimuli other than those due to blood chemical changes. This avoids accidental interruption of the cycle.
SUMMARY
Observations have been made on arterial blood changes during the respiratory cycle in patients with cardiac enlargement, prolonged circulation time, and Cheyne-Stokes breathing. In these patients, Cheyne-Stokes breathing appeared to depend upon the delay in passage of blood from the lungs to the arterial chemoreceptors and respiratory center. This delay allowed cyclic over-and underventilation.
